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“There are many examples of old, incorrect theories that stubbornly persisted, 
sustained only by the prestige of foolish but well-connected scientists. ... Many 
of these theories have been killed off only when some decisive experiment 
exposed their incorrectness. . . Thus, the yeoman work in any science, and 
especially physics, is done by the experimentalist, who must keep the 

theoreticians honest.” 


-Michio Kaku, Hyperspace, Oxford University Press, 1995, p. 263 (1) 


Abstract 


Combination of two or more machining processes may result in the increase of 
the productivity. This is an approach worthy to be tried especially for the machining 
of difficult- to-machine materials. Also, this approach may be fruitful in removing 
drawbacks of constituent processes. In the present study, a hybrid machining process 
called “electrodischarge diamond grinding (EDDG)” is under investigation. 

Temperature of the workpiece during machining is an important consideration 
because it introduces thermal stresses into the workpiece. Effect of process parameters 
(Pulse current, pulse on-time and wheel speed) on temperature of the workpiece was 
investigated. Scientific tool like experimental design was used for the 
experimentation. Material removal rate was also taken as response. All the 
experiments were conducted on CNC EDM machine with special grinding 
attachment. A regression model was developed describing the relationship between 
responses and process parameters. It was found that pulse current has dominating 
effect on temperature and MRR. 

Specific energy is a vital consideration for any machining process. EDM is 
known for its inefficiency. Specific energy was calculated for EDDG. Also, 
experiments were conducted with a specially fabricated bronze disc to evaluate 
specific energy in EDM with rotating disc and results were compared with that of 
EDDG. It has been found that specific EDDG energy is less that that of EDM with 
rotating disc implying feasibility of the EDDG process. 

Evolution of cutting forces with process parameters is an interesting 
phenomenon. Efforts are made to correlate cutting forces with temperature of the 
workpiece. 

Thus, present thesis may provide some useful input to the technological 
development of the, comparatively new hybrid process, electrodischarge diamond 
grinding (EDDG). 
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Chapter 1 

Introduction and Literature Review 


1.1 Introduction 

Today’s era of mass-customization and highly competitive market posed 
challenge before rapidly evolving field of science and technology. Particularly, in the 
area of material sciences in terms of materials developed for superior performances. 
Such materials popularly known as Advanced engineering materials and may be 
defined as “the materials having greatly improved thermal, chemical and mechanical 
properties such as improved strength, heat resistance, wear resistance, and corrosion 
resistance” [1] viz. titanium and its alloy, cemented carbides, polycrystalline 
diamonds (PCD), metal matrix composites, etc. 

The following table gives an overview of some of the advanced engineering 


materials. 


Materials 

Special Characteristics 

Applications 

Cemented carbides 

High wear resistance 

Metal forming dies, cutting 
tools. 

Polycrystalline Diamond 
(PCD) 

High strength and high 
toughness 

Cutting tools, rock-drilling 
bits, wiredrawing dies. 

Titanium and its alloys 

High strength to weight 
ratio and excellent 

corrosion resistance [2] 

Used in airframes and 
engine components in 
aerospace industry. 

Ceramic materials 
(Aluminum oxide, 

zirconium oxide, titanium 
oxide, silicon nitride etc) [3] 

High flexural strength, low 
density, high hardness and 
brittleness, high 

compressive strength at 
high temperatures. 

Gas turbines, rocket 

engines, melting crucibles 

Particle Reinforced Metal 
Matrix Composites 

(PRMMC) [4] 

hardness, strength and 
resistance of the 

reinforcement are combined 
with the ductility and 
toughness of a matrix 
material 

automotive and aerospace 
industries (Silicon carbide 
particle reinforced 

aluminium MMC) 


Table 1.1 Advanced engineering materials 
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Obvious fallout of such advanced engineering materials is difficulty in shaping 
them. Limitations of conventional machining methods in shaping of these advanced 
difficult-to-machine materials due to their improved mechanical properties opened a 
door to unconventional machining methods to step in. Unconventional machining 
processes are defined as recently developed process (developed after WW II) that 
apply machining principles based on physical or chemical phenomenon that differ 
substantially from those applied in traditional machining. The difference mainly lies 
in the application of innovative energy sources (LASER, plasma torch, ultrasonic 
vibrations, etc.) and truly the process is much more driven by chemical and physical 
phenomena like etching, thermofusion, and cavitation rather than by mechanical 
forces. 

But, as pointed out by Pandey [5], 

i. Unconventional methods cannot replace the conventional machining processes 
and 

ii. A particular machining method found suitable under the given conditions might 
not be equally efficient under the other conditions. 

Above remarks underline the need of mutual assistance between conventional 
and unconventional machining processes, can be exploited to tackle the problems 
created in machining of advanced engineering materials. This mutual assisted process 
is known as hybrid machining process. The process under investigation in the present 
thesis is Electrodischarge Diamond Grinding (EDDG). 

1.2 Electrodischarge Diamond Grinding (EDDG) 

Electrodischarge diamond grinding is a hybrid machining process in which a 
metal bonded diamond wheel is used and simultaneously it acts as an electrode for 
electrodischarge action. Mechanical abrasion is combined with the electro-erosion of 
electrodischarge machining. In EDDG, mechanical abrasion is introduced in the EDG 
process when an electrically conductive abrasive wheel is used (instead of a non- 
abrasive graphite wheel) with a proper coolant, which also acts as a dielectric medium 
for electrodischarge machining. Adjusting wheel speeds and electrodischarge pulse 
parameters can control the mechanical grinding and electrodischarge erosion. 

There are two basic configurations by which the combination of grinding and 
electrodischarge machining is accomplished. In the first one, workpiece itself acts as a 
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dressing electrode whereby both the grinding and wheel dressing zones are combined. 
The work material is thus subjected to both the actions of diamond grains and 
electrical discharges simultaneously which cause abrasion and material 
softening/removal, respectively. The reduction of grinding forces and power due to 
spark induced thermal softening of the work, and enhanced wheel performance due to 
continuous in-process dressing and declogging of wheel are salient features of this 
process. Though the construction is simple, this arrangement precludes independent 
optimization of grinding and dressing operation, which in some cases might result in 
wasteful diamond wear. In the second configuration, a separate electrode 
accomplishes electrodischarge dressing of the wheel outside the grinding zone. The 
discharges are utilized for the renewal of the wheel topography alone and do not exert 
any influence on the removal of material from work. The wheel, however, can be 
dressed as and when the need arises, at an optimum rate, irrespective of the grinding 
conditions. 

The process under investigation in present thesis uses the principle described 
in mode 1 above (Fig. 1.1a). The first configuration of the process has been employed 
for surface grinding and face grinding mode are as shown in Fig.1.2 and Fig.1.3, 
respectively. ‘P* ' denotes protrusion height of abrasive grains of grinding wheel. For 
a particular voltage applied across metal bonded wheel, there is a critical gap required 
for spark to occur (g). For any gap value greater than ‘g’, no sparking would be 
possible. So, sparking in grinding zone serves two-fold purpose. One, it removes 
some amount of material by EDM action improving material removal rate of the 




2 - Work 4 - Dressing electrode 

Fig. 1.1 Basic configurations of EDM-grinding hybrid processes (a) Combined 
dressing and grinding zones, (b) Isolated dressing and grinding zones. 
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EDDG process, and secondly, it thermally softens the work material so that less force 
is required for the following abrasive action during machining. 

The EDDG term often causes confusion with another process in EDM 
category named as “Electrical Discharge Grinding” (EDG). In EDG, a rotating 
electrically conducting wheel is used as the electrode [6]. But importantly, there is no 
physical contact between wheel and the workpiece to be machined whereas, in 
EDDG, EDM action occurs between metallic bond material of the wheel and the 
workpiece. Simultaneously, abrasive grains get engaged in removing material by 
abrasion like conventional grinding. In the true sense, EDG can be better named as 
“EDM with rotating disk electrode” [7]. 



Fig. 1.2 EDDG in surface grinding mode 

The improved grinding performance in EDDG is due to continuous in process 
dressing and declogging of the grinding wheel. Consequently, the grinding wheel can 
maintain its grinding ability without becoming dull. Since the contributions of 
mechanical abrasion and thermal erosion to process performances are adjustable, the 
EDDG can be used either in a grinding dominant state with a relatively less effect of 
electrical discharge to acquire a reduced heat-affected surface layer, or in an EDM 
dominant state with a relatively less effect of grinding to reduce machining force, or 
in a well balanced state between the grinding and EDM. Applications of this process 
include machining of components made of advanced engineering materials such as 
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Fig. 1.3 EDDG in face grinding mode 

Al-SiC composites (duralcan), inconel, titanium alloy, tungsten carbide, high speed 
steel (HSS), cemented carbide, polycrystalline diamond, etc. 

1.3 Literature Survey 

Electro-discharge diamonds grinding is a comparatively newer process. To 
understand the mechanism of the process, study of its constituent process, i.e. electro 
discharge machining (EDM) and grinding is essential. Following section gives review 
of literature concerned. 

1.3.1 Electrodischarge machining and grinding 

EDM is an inefficient process. Thermal modeling of the process has indicated 
that the fraction of the molten material, which is physically not removed but 
redeposited on the parent material surface, could be as high as 80% [8]. The recast 
layer and the heat-affected material contain numerous microcracks, which degrade the 
fatigue strength of the material. Pandey et al [9] proposed a model for calculating 
thickness of the heat affected zone (HAZ) due to a single spark. 

EDM of composite materials containing electrically nonconducting phases 
possess a few problems. The non-conducting material particles hamper the process 
stability and impede the material removal resulting in very low stock removal rates. 
More serious problem is associated with die sinking of such materials. As machining 
progresses, due to inhomogenity of the work material, if by chance a localized layer 
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of insulating material surfaces up, the control system of the machine tool would 
misinterpret the situation as an open circuit. This would lead to a continuous feed 
motion being imparted to the electrode and consequent collision and damage of both 
the tool and workpiece. 

In connection with use of experimental designs for the investigations 
concerned with EDM, Scott et al [10] used orthogonal array (Lig) for analyzing the 
material removal rate (MRR) and surface finish (SF) in wire EDM. Further, 
mathematical models developed from matrix experiments used for optimization of 
conflicting responses i.e. MRR and SF. Rajurkar et al [11] did multi-objective 
optimization of EDM with orbital motion of tool electrode. Here also fractional 
factorial (L 27 ) design was employed to predict the performance (MRR and SF). 
Matrix models were chosen on the assumption that the effect of interactions among 
the factors is negligible. 

No literature was available in which experimental investigation of temperature 
measurement of workpiece in EDM had been done. Obara et al [12] tried to find 
average wire temperature distribution in wire EDM. They developed an electronic 
circuit and from discharging currents and voltages average temperature was found. A 
maximum wire temperature obtained in this analysis was about 100°C. Abbinski et al 
[13] have reported experimental difficulties in measurement of plasma chaimel 
temperature like short discharge duration, very small interelectrode gap and the 
influence of dielectric fluid. Plasma temperature was determined from the relative 
intensity of spectral lines of Fel. Two photomultipliers were used to register light 
emitted by the whole plasma volume. 

In case of conventional machining processes, machining of any materials is 
possible only with tool made of material harder than workpiece. Hardness of 
advanced engineering material is comparable with diamond, hardest known abrasive. 
Grinding of hard and brittle materials is characterized by high normal forces because 
of indentation of abrasive grains into workpiece becomes difficult. [14]. It results in 
elastic deformation in grinding wheel and subsequent fallout in loss of accuracy. Also, 
problems associated with grinding wheels are glazing of the wheel as well as loading 
of the wheels. 

As far as temperature measurement in conventional grinding is concerned, 
Shaw [15] utilized property of tool-work interface to act as a thermocouple. This is 
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useful in finding out surface temperatures in grinding which would be otherwise very 
difficult to measure. In the configuration shown in fig. 1.1, tool-work interface 
constitutes the hot junction of a thermocouple circuit. It was mentioned that silicon 
carbide-steel combination has very much higher thermoelectric power than that for 
ordinary metal combination. But, the impedance of the grinding wheel compared -with 
that of ordinary metals makes it difficult to obtain accurate values. 



Subsurface temperature measurement can be done using buried thermocouple 
technique in which a micro hole is drilled from bottom side of the work to 
accommodate thermocouple wire. This technique is useful in studying subsurface 
phenomena such as over-tempering, rehardening and bum. But, estimation of 
temperatures at grit-work interface is very difficult. Extrapolation gives inaccurate 
results because of very steep temperature gradients at the surface. 

Advanced methods like use of infrared radiation pyrometer and physically 
vapor deposition (PVD) are reported in references [16,17]. Infrared pyrometri is based 
on the principle that the heated material emits infrared flux whose intensity depends 
upon temperature of material. Ueda et al [16] proposed use of optical fibers to catch 
the flux. They measured the temperature of cutting grains on wheel surface. Another 
novel method is use of PVD. A single material with a specific melting point is vapor 
deposited on the polished surface of workpiece. A pair of specimen are fastened 
together and used for grinding. After grinding by analyzing the film nature (melted 
zone and unmelted zone) temperature distribution can be found out. 
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1.3.2 Hybrid Machining Processes 

One of the effective methods to achieve high performance indices for 
machining consists in combining usually two (say, physical, and chemical processes 
acting on workpiece material) into one machining process, which is often termed as 
“hybrid machining process”. [18] These processes are developed to exploit the 
potential advantages and to restrict the disadvantages associated with an individual 
constituent process. Usually, the performance of hybrid process is better than the sum 
of their individual performance with the same parameter settings. 

Electrochemical grinding (ECG) has found applications in manufacture of 
carbide cutting tools, creep resisting alloys (e.g. Inconel, Nimonic), titanium alloys, 
metal matrix composites. This hybrid process is a combination of ECM and fine 
grinding for the machining of hard or fragile electrically conductive materials. [6]. 
Electrochemical grinding with metal bonded abrasive tool (AECG), consists in 
combination of mechanical and electrochemical processes, acting on the workpiece, 
that considerably changes performance indexes of the machining process. Process 
productivity and surface layer properties are reported to be improved while tool wear 
and energy consumption decreases. [8]. Typically, 90% of the material removal is by 
electrochemical means and the rest by abrasion 


Process 

Combination 

of 

Energy Sources 

Mechanism 

of 

Material Removal 

Tool 

Transfer 

Media 

ECSM 

/ECAM 

Thermal and 
Electrochemical 

Melting and 
Evaporation 

Electrode 

Electrolyte 

EDAG 

Thermal and 
Mechanical 

Melting, 

Evaporation and 
abrasion 

Metal 

bonded 

abrasive 

wheel 

Dielectric 

ECAG 

Electrochemical 
and Mechanical 

Electrochemical 
dissolution and 
abrasion 

Metal 

bonded 

abrasive 

wheel 

Electrolyte 

LAE 

Thermal and 
chemical 

Chemical dissolution 
and heating 

Mask 

Etchant 

LAECM 

Thermal and 
Electrochemical 

Electrochemical 

dissolution and 
heating 

Electrode 

Electrol 3 de 

LAT/PAT 

Thermal and 
Mechanical 

Shearing and 

Heating 

Turning 

tool 

Air 
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UAEDM 

Thermal and 
Ultrasonic 

Vibration 

Melting & 
Evaporation 

Sonotrode 

Dielectric 

UAECM 

Electrochemical 
and Ultrasonic 
Vibration 

Electrochemical 

dissolution 

Sonotrode 

Electrolyte 

UALBM 

Thermal and 
Ultrasonic 

Vibration 

Melting & 
Evaporation 

Laser beam 

Air 

UAG 

Abrasion and 
Ultrasonic 

Vibration 

Abrasion 

Sonotrode 
of abrasive 
wheel 

Coolant 

UAT 

Ultrasonic 

Vibration and 
Mechanical 

Shearing 

Turning 

tool 

Air 

BEDMM 

Thermal, 
Mechanical & 
Electrochemical 

Electrochemical, 
Melting and 
Mechanical Rupture 

Rotating 

Metal 

bmsh 

Water glass 
solution in 
water 


Table 1.2 Classification of hybrid machining processes [19] 
Another hybrid process related to ECM is Electrochemical discharge 
machining (ECDM). In this process, the discharge between the cathode and 
electrolyte occurring mainly due to electrolytic gas generation at the surface tool 
(cathode) electrode is employed for removal of material. ECDM appears to have 
potential for machining of materials having low machinability, high strength and 
importantly, electrically conducting and as well as non-conducting materials like 
composites. ECDM process has applications in micro welding. But, ECDM has very 
limited acceptance because of its limited capacity and complicated phenomena 
associated with it [20]. 



A: abrasive; D; dielectric; E: electrolyte 
Fig 1.5 Selected methods of abrasive electrical machining [18] 
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Table 1.3 Interaction of different machining process to develop hybrid-machining process 
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Main obstacle in machining any material by conventional method is difference 
between workpiece and tool hardness. So, efforts were made to explore the means to 
soften the workpiece material before it actually gets machined by conventional tools. 
Hot machining finding its way in this direction. Kitagawa et al [21] proposed plasma 
hot machining. In this method, workpiece temperature is increased by plasma arcs and 
then machined by turning. This process is proved to be uneconomical in cases where 
hardness is directly proportional to the temperature upto a certain limit, the case 
which occurs with Alumina. 

Ultrasonic machining (USM) and EDM are both characterized by their ability 
of machining hard and brittle materials. The main disadvantage of each process lies in 
its comparatively low material removal rate. Koshimuzu et al [22] had investigated 
effect of combination of USM with EDM in machining of tungsten carbide. In 
combined machining, it was considered that the tungsten carbide, which is weakened 
by the heat of electrical discharges, was efficiently removed through the hammering 
effect of the abrasive grains. Material removal rate was found to be increased by 50- 
80% comparing with USM. 

1.3.3 Electrodischarge Diamond Grinding (EDDG): 

EDDG being new process, literature available is scarce. It also indicates there 
is lot of room for research in this process. In previous section, hybrid machining 
processes are reviewed in the context of machining of advanced engineering 
materials. 

Wheel loading is matter of concern in conventional grinding of advanced 
materials. To avoid frequent dressing of wheels on-line dressing is could be a best 
remedy. As discussed in earlier section electrochemical grinding (ECG) attempts such 
on-line dressing. But, electrical activation of the diamond grinding wheel surface in 
ECG is not normally subject to control. This can be attributed to electroerosive 
processes that that accompany the anodic dissolution of metal are of random nature. 
[23]. Also some of hybrid machining process discussed above like ECG, ECSM uses 
electrolyte as a working fluid. Presence of the ions in the medium would induce arcs, 
which would damage work. Use of electrolytes or coolants with ions causes increase 
in material removal rates. However, when precision finishing is pursued for materials 
with heterogeneous phases such as conductive ceramics, metal matrix composites and 
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superalloys, the use of dielectric medium is essential not only to avoid arcing, but also 
to avoid detrimental stray current attacking, selective dissolution among the 
heterogeneous phases, and grain boundary erosion caused by uncontrollable 
electrolysis effects. Feasibility of the EDDG can be seen against these drawbacks of 
the hybrid processes for machining of advanced engineering materials. 

Bakhtiarov [24] analyzed efficiency of diamond wheels after contact erosion 
dressing. Efficiency of metallic bonded diamond wheels after contact-erosion dressing 
was compared with the efficiency of the same wheels after traditional abrasive 
dressing. It was found that specific diamond usage was slightly greater than after 
abrasive dressing because of the increased height of projection of the grains above the 
level of the bond. However, wheel life in terms of the period between dressings is 5- 
10 times greater after contact-erosion dressing than after abrasive dressing. Also, 
cutting property of the wheel (i.e. volume of material removed per unit force per unit 
time) dressed by this method is more that double the value for the wheels after 
abrasive dressing. This is because after contact erosion dressing the height of the 
diamond grains projecting above the bond is equivalent 30-60% of the total grain size, 
whereas after abrasive dressing it is 5-10%. 

Ayoma and Inasaki [25] studied the effect of combination of conventional 
grinding and EDM on the machining force, the wear of the grinding wheel, the 
geometrical accuracy, and the surface roughness of the workpiece experimentally. 
Materials used were cemented carbides, advanced ceramics, and sendust (it has 
excellent magnetic properties). Cutting forces were found to be reduced. This 
reduction further causes improved straightness of the groove. However, side face of 
the groove becomes larger. The main disadvantage reported is high wear rate of the 
wheel. They proposed to use wheel with metal bond having tungsten since tungsten 
alloy is a good resistant to the high temperature generated by the electrical discharges. 

Rajurkar et al [26] introduced an Abrasive Electrodischarge grinding (AEDG) 
monitoring and control system. Also, experiments were conducted on advanced 
materials like Al-SiC composite (Duralcan) and titanium alloy (Ti-6A1-4V). Process 
responses like material removal rate (MRR) and surface finish of AEDG were 
compared with that of EDM and EDG. Improvement in MRR and surface finish was 
observed with AEDG compared to the other processes for the above stated advanced 
materials. Monitoring and control system comprises of a dynamometer for 
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measurement of forces and a electrodischarge monitor for detecting the status of 
electrical discharges within the inter electrode gap (lEG) such as normal spark, arc or 
short-circuit. A computer based data acquisition system, capable of measuring force 
signals and discharge signals, has the capability of monitoring both the grinding and 
electrodischarge processes. 

Koshy [27] has given experimental and theoretical work into EDDG. The 
accent in the experimental work is on examining the role of electrical spark/discharge 
at the wheel-work interface in enhancing grinding performance. Mechanism of 
material removal was proposed for high speed steel (HSS) and cemented carbide as 
work material. Effects of current on material removal rate as well as radial wear of 
wheel were examined. It has been found that increase in current leads to improvement 
in material removal rate and also increased wheel wear rate. Effect on normal as well 
as tangential forces were also analyzed. Decrease in force components was observed. 
This is due to thermal softening of the work by electrical discharges. Diamond wheel 
topography modeling was also done. Information on the topography of diamond 
wheels is pre requisite for modeling of EDDG. 

Gupta et al [28] did experimental work on EDDG using HSS as work material. 
Experiments were conducted to find the effect of current, voltage, and pulse on-time 
and duty factor on material removal rate and grinding forces. Observations indicate 
that normal grinding force decreases with increase in current; this trend reverses with 
increase in pulse on-time. Material removal rate was found to be increased with 
increasing current and pulse on-time, while the same decreases with increasing 
voltage and duty factor. 

Yadava [19] presented Finite Element Analysis of EDDG. Temperature 
distribution models were developed separately for cut-off grinding and EDM. By 
using principle of superposition, temperature distribution model for EDDG was 
proposed. Using this temperature distribution model, thermal stresses were predicted. 
Effects of process parameters (current, pulse on-time, duty cycle) on temperature 
distribution and thermal stresses in the workpiece were studied. It has been found that 
higher duty cycle with given off-time gives higher temperature, because increase in 
current leads to increase in peak temperature due to increase in heat flux. The 
temperature gradient along the depth is found to be steeper than the temperature 
gradient along its radial distance from the center of the spark. It is also noted that 
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temperature gradient is very high upto 0.63 mm depth from top surface for all 
currents. Beyond this depth, temperature gradient variation is almost zero. Hence, 
from thermal stresses point of view, this thin surface layer is most critical. After this 
depth, temperature gradient gradually decreases. Almost no change in temperature at 
the top surface as well as along the depth is observed beyond the assumed spark 
radius. 

From the review of the literature, following points can be mentioned: 

• Most of the experimental work done in EDDG is of exploratory in nature. 

• In case of EDM, no literature was found on experimental investigation into 
temperature of workpiece. 

• Scientific methods like Design of Experiments (DOE) have not been employed for 
experimentation in EDDG. 

• Specific energy during EDDG process has not been investigated. 

1.4 Scope and Organization of the thesis: 

1.4.1 Objectives of the thesis 

From, literature survey presented above scope of the present work is defined. 
EDDG being new process, most of the work done is exploratory in nature. Process 
investigations using scientific tools like experimental design have not been done. 
Following are the objectives of the work. 

• To study the effect of process parameters on the material removal rate using 
design of experiments and to develop a regression model for it. 

• To study the effect of process parameters on the average temperature in the 
workpiece by the use of experimental design, and also to develop a regression 
model for it. 

• To study the effect of the process parameters on the specific energy of the EDDG 
and comparison with EDM. 

1.4.2 Organization of the thesis 

Present thesis work is about experimental investigation of Electrodischarge 
Diamond Grinding (EDDG). 
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Chapter 1 provides overview of advanced engineering materials and gives 
significance of hybrid processes in general and EDDG in particular. Also, a brief 
introduction of EDDG is given. It also comprises of literature review related to the 
work done in the EDDG process is presented and up to some extent its constituent 
processes like EDM and conventional grinding. Glimpses of various temperature 
measurement techniques are also provided. Chapter ends with mentioning scope of 
the work and its organization of the thesis. 

Chapter 2 is about experimentation. It explains techniques used for 
temperature measurement and force measurement. Precautions taken during 
experimentation like wheel truing, dressing, etc. are also discussed. A brief theory of 
Design of Experiments methodology and model fitting using regression with its 
significance checking is given. 

Chapter 3 analyses the results of temperature measurement and material 
removal rate using experimental design. Regression model and its significance are 
tested using analysis of variance. Effects of process parameters like current, pulse on- 
time and wheel speed are presented. 

Chapter 4 discusses specific energy in EDDG. Details of experiments done 
for calculating specific energy in EDDG are provided. Also, variation of specific 
energy with various process parameters is also investigated. A comparison of EDDG 
is also done with EDM process with reference to specific energy. 

Conclusions constitute Chapter ^ . It highlights scope for the future work also. 


I.I.T. Kanpur 



Chapter 2 
Experimentation 


2.1 Experimental set-up 

All the experiments are conducted on EDM machine. Machine used was 
ELEKTRA EDM (ZNC). It has numerical control in Z-axis. A special grinding 
attachment, developed by Koshy [27], is used for the present experimentation. 



Tank 


Fig. 2.1 General scheme of Electrodischarge Diamond Grinding 

The grinding attachment can be mounted on Z-axis (EDM electrode). A metal bonded 
grinding wheel acts, as an electrode required for EDM action. 

The grinding attachment is mounted on the ram of EDM machine to rotate the 
metal bonded diamond wheel about its axis parallel to the machining table. Rotational 
speed of the grinding wheel is controlled by varying input voltage (using variac) of 
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the motor that drives the wheel. While machining, the entire attachment with ram is 
fed downward under the servomechanism of the EDM machine. Physical contact 
between metallic bond and workpiece is avoided by gap sensing mechanism of the 
servo system. Gap between bond and workpiece is defined by servo reference voltage 
setting. 

Since the machine has Z-axis numerical control to facilitate EDM action, 
plunge mode of grinding is employed. Basically in plunge mode of grinding 
depending upon wheel thickness and workpiece thickness, 2 types can be 
distinguished. [15] 

1. Cut-off grinding 

2. Face grinding 



Fig. 2.2 Different modes of plunge grinding (a) Cut-off grinding (b) Face grinding 


2.2 Wheel Truing and Dressing 

In surface grinding with cross feed, each table stroke or workpiece revolution 
results in a wheel wear profile as shown in Fig. 2.3. This is due to the initial rapid 
breakdown of the wheel leading edge and then progressive distribution of the 
workload over the wheel width as further breakdown occurs. Once a stable condition 
is reached when the grits can withstand the imposed workload, the initial dressed 
wheel condition is not found to affect the wheel characteristics significantly. But in 
case of form/plunge grinding, workload is evenly distributed over the wheel width. 
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Wheel wear 




Surface grinding Reciprocating 

with cross feed plunge grinding 

Fig. 2.3 Wheel wear in grinding [29] 

The workload per grit is, therefore, dependent on the machine parameters and the 
wheel composition. As shown in Fig.2.3, the wheel wear is same over the working 
width. When grinding under these conditions, the wheel performance is found to be 
significantly affected by dressing procedure. Present study is based on plunge mode 
of grinding. 

In the present work, face-grinding mode (Fig 2.2b) is employed. Coarse 
machining of the wheel is termed as ‘tming’ and is required to eliminate wheel ‘out of 
roundness’, and less severe ‘machining’ is termed as ‘dressing’ which prepares the 
wheel surface for grinding. For electrodischarge action, working gap across wheel and 
workpiece is critical. To maintain this gap constant during wheel rotations, circularity 
of the wheel is an important consideration. 

Taking into account above discussed factors, following procedure was 
employed for truing and dressing. 

The diamond wheel was initially tmed with a silicon carbide wheel run in 
mesh with it. Truing is accomplished by abrasion of the bond by the debris generated 
at the interface of the two wheels. The slip between the grinding and tming wheels, 
necessary for tming action, was obtained by orienting their axes such that their 
peripheral velocities are not collinear along the line of contact. Out of roundness of 
the wheel is checked with a dial-gauge. Tming operation was continued until radial 
mn-out was reduced to less than 10 jMn . 

Thus tmed grinding wheel has dimensional accuracy but it cannot be used for 
experimentation unless properly dressed. Dressing was accomplished by electric 
discharge action. Ref.30 gives details of the effect of discharge action on the resultant 
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wheel topography. At high discharge energy conditions, sufficient grit protrusion is 
obtained but at the expense of dislodging some abrasive grains. Arriving at the 
appropriate level of discharge energy entails a compromise between these two 
conflicting factors. Wheel dressing was done before each experiment so that standard 
wheel topography could be maintained. 

Choice of electrode (work) material for electrodischarge dressing of diamond 
wheels is a vital consideration. Affinity of diamond for metals has been discussed in 
Ref. 31. Graphitization of diamond is remarkable when heated with Fe. Lower 
affinity of diamond was observed with soft metals viz. Al, Cu. Therefore, Cu was 
chosen for dressing of diamond wheels. Table 2.1 gives process parameters for wheel 
dressing. 


Wheel Specifications 

Wheel Dressing Conditions 

Abrasive 

Diamond 

Voltage 

60 F 

Diameter 

100 mm 

Current 

lOA 

Bore 

33 H7 

Pulse on-time 

100 ps 

Thickness 

1mm 

Duty factor 

0.48 

Impregnation 

3 mm 

Wheel speed 

Im/s 

Concentration 

75% 

Duration 

2 min 

Grit size 

80/100 



Bond material 

Bronze 




Table 2.1 Wheel specification and dressing conditions 
2.3 Design of Experiments (DOE) 

Literally, an experiment is a test. A designed experiment is a test or series of 
tests in which purposeful changes are made to the input variables of a process or 
system so that we may observe and identify the reasons for changes in output 
response [32]. 

DOE is an analytical tool that helps reveal the critical parameters of a 
manufacturing process without requiring that every possible combination of process 
factors be investigated. For any process under study, it is required for investigator to 
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decide which are responses and which are factors. It is an active method of obtaining 
information as opposed to passive observations (like statistical control charts). 

In terminology of experimental design, a treatment is a certain combination of 
factor levels, which affect the response variables of interest. DOE is used to determine 
the impact of factors on the response variables. With quantitative factors, which vary 
on a continuous scale, we may obtain information of the variable’s behavior even for 
factor levels that have not been experimentally determined. Assuming that the 
behavior of the response variable is representative of the process, a quantitative model 
(of multiple regression type) may be developed to depict its relationship with the 
control factors of interest. 

EDDG being hybrid-machining process, it comprises of large number of 
factors as listed below. 

EDM parameters 

1 . Pulse current 

2. Discharge voltage 

3. Pulse on-time 

4. Duty factor 

5. Dielectric media. 

6. Polarity 
Grinding Parameters 

1 . Cutting speed 

2. Wheel size 

3. Concentration 
Workpiece 

1 . Material 

2. Workpiece size 
Responses: 

1 . T emperature of the workpiece 

2. Material Removal Rate. 

Experiments were performed for HSS workpiece with same kind of grinding 
wheel with EDM-30 oil as a dielectric liquid. Also, keeping in view that process being 
hybrid and under development stage, to get foil idea about interactions (Fig.2.4) 
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among factors it was decided to use foil factorial design. Number of experiments to be 
performed using foil factorial design can be given by formula; 

« = /* 

where, n = Number of experiments 
f = Number of factors 
k = Number of levels of each factor 
For experimentation following factors were decided to study: 

1. Pulse current 

2. Pulse on-time 

3. Cutting speed 

So, number of experiments needed to be performed = 3^ = 27 



(a) No Interaction 


Each factor at 3 levels. 


(b) Synergetic 
Interaction 


(c) Antisynergetic 
Interaction 


Fig. 2.4 Types of factor interactions 


Control 

Factors 

Level I 

Level n 

Level III 

Units 

Pulse Current 

7 

13 

19 

A 

Cutting Speed 

2.5 

5 

7.5 

mis 

Pulse on-time 

100 

200 

300 

/xsec 


Table 2.2 Factors and their levels 

Full factorial plan is as given in Table 3.1. Using such plan a multiple 
regression model can be fitted into obtained observations. Also, using analysis of 
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variance (ANOVA) significance of the fitted model can be tested. The theory of 
model fitting and checking of significance is presented below. 

2.3.1 Model Fitting [33] 

Let y be dependent variable and we have k independent variables. The 
functional relationship can be approximated by 

yy ^Po+ Pl^ij + P2X2J + + J = 1,2, ,« 

Such a model is called a multiple regression model. 

In matrix notation, 


y = xp+^ 

where y is the «-dimensional vector of the observations, ^ is the corresponding 
vector of errors, and P is a vector that consists of the A: + 1 coefficients, j3, . The 
matrix X is called the design matrix. It has n rows, one for each data point. 



1 Xjj X 21 



(Po] 


hi 


hi 

x = 

1 Xj2 X 22 

• ^k2 

P = 


, y = 

T 2 

, and ^ = 



,1 ^1. • 

• ^kn J 








The least-squares estimate of the vector j3 is known to be 


'/3o 

/3, 





(X'XyX'y 


14J 

and the vector of estimated values of the dependent variable and the vector of the 
residuals are, respectively. 
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Po •••"*" Pk^kl 

yj 

= 

pQ P\^l2 *•* “^ Pk^kl 



^Po P\^\n Pk^kn ] 


= xp 


Residual, e = y-y = y- Xfi 


= y-X(XXy'X'y 


where, / is the unit matrix. 


^(I-X(XXy^X')y, 


2.3.2 Analysis of Variance [33] 

In order to judge whether the regression equation is significant or not in 
explaining the relationship between dependent and independent variables, F-test from 
the analysis of variance (ANOVA) was conducted. 

Consider the following: 

(yi-y) = iyi-yi)+(yi-y) 

On squaring and summing over / 

Yu^y, -y? -yi^ “ 

In words, 

Total sum of squares = Sum of squares + 

due to residual errors 
{SST) {SSE) 

These sums of squares are computed as: 

SST = X ~ 3")^ = Z " ^y' 

SSR = Y^y,-y,f 
SSE = SST-SSR 

The ANOVA table is then prepared as: 


yf 

Sum of squares 
due to regression 
(SSR) 
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Table 2.3 ANOVA table for significance testing of regression model. 

Source of 
variation 

Sum of 
squares 

Degrees of 
freedom 

Mean square Fo F^a ; 

Regression 

SST 

k 

MSR MSRIMSE F{k,n-k-\,a) 

Residuals 

SSE 

n-k-\ 

MSE 

Total 

SST 

n-\ 



Here, MSR stands for the mean of squares due to regression, and is obtained 
by dividing SSR by the regression degree of freedom. MSE means the mean of squares 
due to residual errors, and is obtained by dividing SSE the residual degrees of 
freedom. 

By the regression theory. 

If Pi = P 2 - - Pk / MS!£' follows the F(k, n-k-l,a ) probability 

distribution. Hence, if the test statistic Fq is greater than the critical value F at the a 
level of significance, then it can be concluded that the fitted regression equation is 
significant in explaining the relationship between Y and independent variables. 

2.4 Temperature Measurement 

Temperature measurement is an important part of scientific experiments, 
research and development, and industrial processes. The thermocouple provides a 
simple and efficient means of measuring temperature because it produces a voltage, 
which is a function of temperature. This voltage can be read using an analog to digital 
converter (or any voltmeter), and the temperature can be inferred from consulting 
standard tables. 

A thermocouple works because there is voltage drop across dissimilar metals, 
which are placed in contact. This voltage is a function of temperature. In principle, a 
thermocouple can be made from almost any two metals. In practice, several 
thermocouple types have become standard because of desirable qualities such as 
linearity of the voltage drop as a function of temperature and large voltage to 
temperature ratio. Some common thermocouple types are designated as J, K, T, E, S, 
R, and B depending upon temperature range and material used e.g. type S has 
platinum and rhodium wire and is accurate over the range 0-1600° C [34]. The 
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thermocouple leads are joined by welding or soldering. (Thermocouple wires are 
commonly twisted together, but this is not recommended and can lead to 
inaccuracies.) 

In practice, the industrial thermocouple comprises a sheathed "hot junction" 
with some form of extension of the two wires (directly or via a cormection interface) 
which terminates at the instrument input; the junction effectively formed at the 
instrument constitutes the "cold" junction. 

Here, Type K thermocouple was employed. It is having Chromel-Alumel as 
thermocouple elements. It has working range from -40-1000"C. Thermocouple 
wires are protected with Inconel coating having diameter of 1.5 mm. 

A specimen was prepared as shown in fig. 2.5. Small hole of diameter 1.5 mm 
was drilled using EDM since work material is High Speed Steel with 10% cobalt. 
Thermocouple wire was then fixed in this hole and thus prepared specimen was used 
for experimentation. 



All dimensions are in mm. 
Material: 

High Speed Steel 


Fig 2.5 Specimen geometry used for experimentation 
A thermocouple tip was placed into the hole. Experiments were conducted in 
face grinding mode (Fig 2.2b). Machining was carried, using CNC EDM, for 0.8 mm 
distance from top surface so that it would end at 0.1 mm above thermocouple. For the 
analysis purpose, average of maximum temperatures reached during experiments was 
taken into consideration. 
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2.5 Force Measurement 

To measure the cutting force, octagonal type of dynamometer was used. 
Schematic diagram and circuit connections are as shown in the Fig. 2.6-2.7. 



Fig 2.6 Octagonal ring type dynamometer for measurement of forces 




Fig 2.7 Circuit diagrams for measurement of (a) F„ and (b) Ft 
This dynamometer uses the strain gauge property of changing resistance when 
strained due to external forces. The strain gauges are mounted in such a manner that 
they form arms of the Wheatstone bridge. A change in resistance of gauges causes 
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loss of balance of bridge and output voltage signal is thus obtained. This output can be 
calibrated with applied force. Basically, to form a bridge, strain rings are ideal 
because they provide a high ratio of stiffiiess at the same time they pocess adequate 
stability against buckling. 





Fig. 2.8 Circular strain ring showing the type of deformation produced. 

A thin metal ring of radius r, thickness t, and axial width b is shown in fig 
2.8a. The ring is fixed at the bottom while a radial force F„ and a tangential force Ft 
are applied at the top. When only F„ is applied, the ring will deform as in Fig.2.8b. 

From thin ring elastic theory [35], the strain at the inside and outside surfaces 
of the rings at points A 



1.09F„r 

Ebt^ 


while the strain at the point B (39.6° from the vertical axis) is zero. When 
only F, is applied (Fig. 2.8c) the strain at A is zero while the strain at B is 

\mFr 

® Ebt^ 

Thus, by placing strain gauges at the inside and outside surfaces of a ring at 
points A and B, it is possible to separate and measure Ft and F„ components of forces. 
Thus, if the inside and outside gauges at A are mounted in the opposite arms of a 
Wheatstone bridge then we can find Ft in terms of output voltage obtained. Similarly, 
the gauges at B are only sensitive to changes in F,. 

Octagonal rings are preferred over circular ones because of formers high 
stiffiiess. The dynamometer was calibrated using dead weights. The Calibration 
curves obtained are presented in the Appendix B. 
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2.6 Experimentation for EDM with rotating disc 

EDDG is a hybrid process with EDM and conventional grinding as its 
constituents. Effort has been made to compare process performance of EDDG with 
EDM so that its feasibility could be tested. It was mandatory to perform the 
experiments with EDM under the same conditions with which EDDG experiments 
were performed. It was not possible to use metal bonded diamond wheel for 
experimentation of EDM action only since abrasion action was unavoidable. A special 
disc was manufactured having body of same material of that of diamond wheels. Only 
difference being that metal bond with diamond abrasive was replaced with bronze 
ring. For this purpose previously worn out wheel was used. This disc was then used 
on the same set-up used for EDDG experimentation. 



All dimensions are in mm. 

Bronze ring 3 mm thick. 

Body material: Mild Steel (MS) 


Fig. 2.9 A disc used for EDM experiments 


Experiments were conducted under same process parameters that were used 
for EDDG experiments. Responses measured were temperature of the workpiece, 
material removal rate and, ultimately using all the measured data specific energy was 
calculated. Details will be discussed in later chapters. 
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Chapter 3 

Parametric Analysis of Temperature and 
Material Removal Rate in EDDG 


Experimentation is performed as per precautions and methodology discussed 
in chapter 2. Experiments are carried out using full factorial design for analyzing the 
responses, i.e., temperature, and material removal rate. The results are reported and 
corresponding analysis is presented in the following sections. 


3.1 Experimental Results 

As discussed in Chapter 2, full factorial design for 3 factors namely, current, 
wheel speed and pulse on-time, each at 3 levels, is presented below. Here, level of 
each factor is denoted by a coded variable. Calculations for coded variables is 
presented below: 

7-13 

Current: code = where I = 7 to 19A', 


Wheel Speed: 


Pulse on-time: 


V -5 

code = — ^ where Vs = 2.5 to 7.5m/s 

2.5 


T -200 

code = — where Ton= 100 to 300iis 


27 experiments were conducted as per plan given in Table 3.1. Average of maximum 
temperatures reached are taken as response. A sample recorder output is as shown in 
Fig. 3.1. Output signal from thermocouple is in terms of millivolts. For analysis 
purpose, the sum of every peak (Fig. 3.1) in the output signal were made and then 
averaged. Using calibration curve (Fig. A.1), voltage output was converted into 
temperature. 

„ Sum of peak temperatures during machining period 

Avg. Temperature = — — — ; ; 

Number of peaks 

Material removal rate is calculated by measuring the weight of specimen 
before and after experiments and dividing the weight loss by corresponding 
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machining time. A digital balance was used for weight measurement having least 
count equal to 1 mg. 

Taking into consideration non-linearity of the responses, second order 
polynomial was decided to fit into observations. To fit a second order model, it is 
mandatory to have each factor at minimum 3 levels. Experimental plan followed 
satisfies this condition. Second order polynomial to be fitted can be written as: 

n n 

/=! M i<j 



Fig. 3.1 Sample Recorder Output (Scanned) 
(I = 13 A, Vs = 2.5 m/s, To„ = 100 ps) 


By the regression theory presented in Section 2.3.1, a second order regression 
model was developed. Next step is ANOVA for regression equations. Results of 
ANOVA are presented in Table 3.2-3.3. 

Calculations of regression coefficients and subsequent ANOVA were done 
using MINITAB software (www.niinitab.com). 
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Exp. 

I 


Ton 


' . T/ . 

MRR 

MRR^ 

No. 

(A); 

(m/s) 


m- 

(K) 

(g/min) 

(g/min) 


.. . ■ ... , 



(Expo 

(EqO; s 

(Expo 

/'’^'.(EflO' ..:• 

1 

-1 

-1 

-1 
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328.24 

0.025 

0.013 

2 .. 

, [■y.A':']-:! 

yM-£.'2 

1 ' ,Q 

332.08111:; 

l: i:329.7fl;;l ^ 

0.021. ; 

ll ,:;ao25t.'i;. 

3 

-1 

A 

1 

328.13 

327.24 

0.023 

0.029 

4 


IZ.Zo':;"’ 


315:87:1;; 

1 l3ll79'l 1 

0.072 


5 

-1 

0 

0 

314.47 

316.86 

0.052 

0.070 

6 _ 


i: Q .. 


. ,ri.312;5gf:ii 

fe;lm?9,, 

QrQ^.1 ' 

-11: 0.067^1. 

7 

-1 

1 

-1 

309.21 

310.26 

0.103 

0.095 


■:Z \“1 Z'!' 

11 k' i ' 

1:11 All* 
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SlMli 
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9 

-1 

1 

1 

317.15 

315.66 

0.096 

0.080 

.10 V 

o ,:\ 


AAkiCA 



i^’ojo^h; 

:::i.;Q.p96lL . 

11 

0 

-1 

. 0 

355.48 

351.91 

0.142 

0.138 


:&i2, 

13 

15 

ZSM 

17 

Zl'js, 

19 

Z :';,'20 

21 

23 

;^24 

25 


0 


.t1 

0 

m 

0 


, 1 
-1 
0 
1 




3 >9.32 


332.85 


0.144 




0 


1 

ZS; 

1 


1 

V 

-1 

J JS'" b» 

-1 1 


0.149 

H-as £>v^ :®f 

339.18 341.21 0.216 0.210 

|?M:25^i^^|5^2§22S;X 
343.16 337.01 0.195 0.204 

■..340;oMi SioMis 

355.21 352.00 0.249 0.256 


0^.., 


. J'f llii O' iV * ~lisi 



Lg 

346.88 346.66 

Tm;’’, 



351.50 


0.405^ ^ 03^2^ 

0.400 0.372 

0.335 0.336 

i 

0.442 


Table 3.1 3^ full factorial design (Voltage = 40 V and duty factor = 0.64). 

Regression equations fitted are as given below 
• For Temperature: 

r2 . r A^r/2 


r = 339 +14.9/- 7.45K +4.18^ -7.24/" +5.46 F/ -1.97/, 


-0.06/K 


■1.6FX,+3-08//,„ 


(3.1) 


• For Material Removal Rate: 

MR/? = 0.183 + 0.151/ + .0329F; +0.0305/,, +0.0382/" -0.0118F/ -0.00383/,^ 2) 

-0.00033/F -0.00767VX„ +0.0302//,, 
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Next step is to test the significance of the regression equations fitted for 
temperature and material removal rate. ANOVA technique is based on F-distribution 
test. ANOVA tables prepared are as presented in Table 3.2 and Table 3.3. For the 
analysis purpose, confidence level of 95 % is chosen. It means that a-error associated 
will be 0.05. It is a probability of finding a significant association when one does not 
really exists. It is normal practice to use 0.05 as a-error. 


Source 

DOF 

SS 

MS 

Fo 

P 

F (9,17,0.05) 

Regression 

9 

5964.92 

662.77 

35.80 

0.000 

2.49 

Residual error 

17 

314.76 

18.52 




Total 

26 

6279.68 






Table 3.2 ANOVA for temperature regression equation. 

In case of temperature regression equation, F-statistic has value 35.80. Now, 
critical value of F-distribution at 95% confidence level can be found from statistical 
tables. Critical value of F for temperature regression equation is found to be 2.49 
which is less than Fo (=35.80). Also, in case of MRR regression equation, Fo has value 
212.05, which is greater than critical value of F i.e. 2.49. Also, F-value based 
estimation is also presented in the table. P- value obtained from the ANOVA table 
should be less than a-error chosen (i.e. 0.05). In both cases, P has value almost equal 

to zero, which is less than 0.05 i.e. a-error. 

Thus from the theory presented.in Section 2.3.2, we can conclude that both the 
regression equations are significant in explaining the relationship between their 
respective responses (i.e. MRR and temperature) and input factors. 


Source 

DOF 

SS 

MS 

Fo 

P 

F(9,17,0.05) 

Regression 

9 

0.469566 

0.052174 

212.05 

0.000 

2.49 

Residual error 

17 

0.004183 

0.002460 




Total 

26 

0.473749 






Table 3.3 ANOVA for MRR regression equation. 


Using equations 3.1 and 3.2, responses are calculated and are given in Table 
3.1. Using the calculated responses, figures 3.5-3.13 have been plotted. Based on 
observations tabulated in Table 3.1, main effects are presented in Fig. 3.2 and Fig 
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3.3. These graphs are prepared by taking averages of responses at each level of a 
particular factor. These graphs give information how the input parameters (current, 
wheel speed and pulse on-time) affect the process response (temperature and material 
removal rate) on the same scale. It is quite obvious that it will not give any 
information about interactions among the factors. For that purpose, detailed graphical 
presentation is given in the Section 3.2. 



Fig. 3.2 Main effects for MRR 

I V, 



Fig. 3.3 Main effects for Temperature 
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3.2 Discussion 

Before analyzing the results tabulated above, it would be worthwhile to 
present mechanism of EDM action. Complexity of EDM action, particularly a 
discharge phenomenon has thrown challenge before researchers to understand the 
basics behind it. 



Fig. 3.4 Pulsed D.C. Voltage 


In EDM, there are two electrodes, a cathode, and an anode, separated by a 
liquid dielectric. During operation, an applied voltage across a gap between electrodes 
causes dielectric to breakdown. A plasma channel, surrounded by vapor bubble, 
develops and expands during “on-time” of pulse, which is usually of the order of 100 
fis (Fig. 3.4). Unlike a gas, the surrounding, dense liquid dielectric restricts the 
plasma growth, concentrating the input energy Vltr in a very small volume. During 
this on-time the high-energy plasma melts both electrodes by thermal conduction, but 
limited electrode vaporization occurs due to high plasma pressures. Furthermore, the 
anode first melts rapidly due to absorption of fast moving electrons at the start of the 
pulse, but then begins to resolidify after a few microseconds. Melting of the cathode is 
delayed in time by one or two orders of magnitude beyond that of anode due to the 
lower mobility of the positive ions [36]. Moreover, the plasma radius at the cathode 
is also much smaller, caused due to emitting electrons (Fig. 3.5). At the end of the 
on-time, a off-time (i.e. power is terminated to the machine) period begins. During 
this period, a violent collapse of the plasma chaimel and the vapor bubbles occur, 
causing a superheated, molten liquid on the surface of both the electrodes to explode 
into the liquid dielectric. While some of the material is carried away by the dielectric, 
the remainder of the melt in the cavities resolidifies in place, called as recast layer. 
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Fig. 3.5 Plasma channel profile during EDM. 

During discharge phase, it has been commonly accepted that debris formed 
play important role in the development of discharge. The debris in the machining gap 
consists of products of dielectric decomposition and eroded metallic particles. 

1. The presence of debris particles in the gap increases the local electrical-field 
strength and local current densities leading to the reduction of ignition delay (The 
i gni tion delay time is the time, which passes between the application of the 
voltage between the electrode and workpiece, and the ignition or sparking. [37]). 
The nature and the extent of ignition delay dictate the changes in the types of 
discharge and the energy of each discharge which is related to erosion rate [38]. 

2. With increased pulse energy, the size of the debris particle increases. The 
incidence of discharges on the debris particles would break them down into 
smaller size particles. This phenomenon is termed as secondary discharge . It 
appears in the absence of effective flushing.[7] 

3. Although, debris particles are useful in activation of discharges, too much 
concentration leads to “arcing” phenomena in place of sparking. Such arcing only 
heats the material in place of removing it by erosion. 
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Following chart gives energy utilization in EDDG 

Input Energy 

▼ t 


Grinding Energy 

1. Material Removal by plastic 
deformation. 

2. Ploughing Action. 

3. Rubbing Action. 

4. Wheel wear. 


Electrical Discharge Energy 

1. Material Removal by melting 
and evaporation of workpiece. 

2. Material Removal by melting 
and evaporation of metal bonded 
wheel. 

3. Heating of workpiece and wheel 

4. Radiation losses. 

5. Ionization of dielectric fluid. 

6. Heating and evaporation of 
dielectric liquid. 


With this mechanism of material removal in EDM, effects of process parameters 
of EDDG are analyzed in following sections. 

3.2.1 Effect of pulse current 

From Fig. 3.6-Fig. 3.8, it is clear that as current increases, MRR and 
temperature increase. As current increases EDM action dominates over grinding. 
Grinding assists EDM in removing debris. It also decreases the chances of 
resolidification of molten material. 

Critical rake angle of abrasive grains is an important consideration 
while analyzing improved MRR in EDDG. The critical rake angle for a particular 
material is primarily dependent on the coefficient of friction between contacting 
surfaces. It has been observed that an increase in temperature of the workpiece causes 
shift in the critical rake angle towards the more negative values in slow-speed 
abrasion of steel [27]. In EDDG, introduction of the electrical sparks in the grinding 
zone causes increase in temperature of workpiece. Rather, we can say that region 
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which would be machined by abrasive grain (diamond in present case) gets heated 
before actually machined. Thus, ultimately abrasive grains pose highly negative rake 
angles to the workpiece. Temperature is found to be increased due to the fact that 
increases in current leads to increase in input energy {Vltx). This input energy is 
utilized in many ways like melting and evaporation of work and electrode, and losses 
in radiation. From the main effects plot (Fig. 3.2-3.3), it is evident that current is most 
dominant factor in increasing MRR and temperature. 

From graphs (Fig. 3.6-3.8), at lower values of current, increase in MRR and 
temperature with increase in pulse on-time is not much significant as compared with 
increase in MRR and temperature with increase in on-time at higher values of current. 
It can be said that the effect of on-time is not much significant when compared with 
its effect at higher current because, at higher currents EDDG is in EDM dominant 
mode. It can also be termed as "synergetic interaction'’. (Fig 2.4) 



(a) (b) 

Fig 3.6 Effect of pulse current on (a) Material Removal Rate and (b) Temperature 

at wheel speed = 2.5 m/s. 
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3.2.2 Effect of wheel speed 

Wheel speed (cutting speed) is a grinding parameter influencing the responses. 
MRR increases as wheel speed increases but temperature decreases. (Fig. 3.10- 3.13) 

Improvement in MRR can be attributed to the increased abrasive action due to 
increase in cutting speed. Also, for a given current and pulse on-time (i.e. for given 
discharge energy), molten material is being rapidly thrown away from the working 
gap. This ejection due to grinding might be faster than the speed of heat front 
travelling into the workpiece. Also, increased speed results in improved flushing of 
dielectric. This action leads to rapid cooling of work leading to lowering the 
temperature of workpiece (Fig. 3.3) 

MRR depends upon the degree of interaction between the wheel and the work. 
Hence, dynamics of the gap-width is important from MRR point of view. With 
increasing wheel speed, the reduced contamination at the gap results in decreasing 
gap-width which would increase the undeformed chip-thickness (Fig. 3.9). This has 
the effect of increasing the MRR with respect to wheel speed. 

Arcing in EDM occurs when the plasma channel takes the same path as that of 
the previous pulse, which is not completely deionised. Subsequently, new gaseous 
path required for a spark discharge is not formed and the spark spot distribution all 
over the machining area is hampered. Such localization of the discharge is nothing but 
“an arc”. Effective material removal is due to spark only. Arcs imply process 
instability. Inadequate flushing leads growth of the conducting particles to such a 
concentration that short circuits and arcs dominate sparks. An ultimate result is low 
MRR. In EDDG, rotating wheel minimizes such condition. Hence, MRR gets 
increased. 

It has been observed that, at a particular current, rate of increase in MRR falls 
as wheel speed increases. Affinity of diamonds with steel has been discussed in Ref. 
31. Diamond grains wear rapidly owing to graphitization of diamond, with iron as 
catalyst. The rate of reaction depends upon temperature at the grain work interface. 
Rate of fall of temperature with increasing wheel speed (Fig. 3.10b) is found to be 
decreased. It further causes wear of grains. The implication of wear-flat formation is 
decrease in uncut chip thickness (Fig. 3.9). Hence, with the formation of wear flats, a 
number of grains which hitherto have been actively involved in material removal, 
tend to just plough and displace but not remove material. This causes fall in rate of 
increase in MRR with wheel speed. 
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Fig. 3.9 Schematic representation of the wheel-work interface in EDDG 

So, higher speed may reduce temperature and improve MRR. But, for 
particular pulse energy there is a limit to increase MRR by increasing the wheel 
speed. This phenomenon is due to arc instability caused by forced flushing through 
the gap. Although, in the present study no such instability was observed. It simply 
implies that chosen range of wheel speed (2.5 m/s- 7.5 m/s) is suitable for operating 
EDDG. 



Fig 3.10 Effect of wheel speed on (a) Material Removal Rate and (b) Temperature at 

pulse on-time = 100 ps. 
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3.2.3 Effect of pulse on-time 

MRR and temperature of the workpiece increase with increase in pulse on- 
time (Fig. 3.13-3.15). Although, experimental points shows quite complex trends 
(Table 3.1). This is due to the fact that enough time is available for conduction of heat 
into the interior of work, which would result in softening of a larger volume of 
workpiece. This softening of the workpiece reduces the attritious wear of grits 
resulting in higher protrusion height, and hence higher depth of penetration. Since 
MRR is related to the depth of penetration, it increases with increase in pulse on-time. 
But it should be noted that this increase in MRR is not much significant as compared 
to MRR rise due to increase in current. Varying on-time does not really increase input 
discharge energy (since input discharge energy depends on voltage, current, duty 
factor and machining time). 

It has been observed that mechanism of material removal in EDM is thermal 
erosion when pulses are of shorter duration and when pulses are of longer duration 
material removal takes place by melting and evaporation [39]. Also, dependence of 
MRR on on-time is governed by multiple phenomena taking place during discharges. 
It has been reported that, for longer pulses, MRR value may get reduced [39]. Such 
behavior can be explained by following points 

• The discharge channel has a finite width causing a heat source distributed 
on a finite area rather than a point source; 

• Ionization and excitation of the evaporated metal and the dielectric fluid 
take place requiring energy, thus decreasing the energy available for 
melting. 

• A certain part of the eroded material fuses back in the creator after 
completion of the pulse. 

Thus, complex nature of the above phenomena leads to quite unpredictable 
nature of responses, which is evident from graphs shown. Such behavior has also been 
reported in Ref. 18 and Ref. 26. 

It can be seen from Fig. 3.13-3.15 that the wheel speed and the pulse on-time 
show “anti-synergetic interaction " (Fig.2.4). 
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Chapter 4 

Specific Energy in EDDG 


Feasibility of any process can be judged using various parameters like MRR, 
tool wear, dimensional accuracy, etc. Electrodischarge machining (EDM) is known 
for its inefficiency. It would be interesting to see how the combination of EDM and 
grinding in EDDG plays role in the context of specific energy. This chapter throws 
some light on specific energy in EDDG. Also, comparison is also presented with 
EDM using rotating disc electrode. 

4.1 Specific Energy Calculation 

Specific energy of any material removal process can be defined as amount of 
energy required to remove unit volume (or unit mass) of material being machined. 

_ „ Amount of energy supplied in a specified period of time 

Specific Energy = — fx c — t £ i 

Amount of material removed in same period of time 

EDDG being hybrid process comprising of EDM and grinding, we have to 
take into consideration energy supplied to both constituent processes. 

Grinding Power, F,V^. (4.1) 

where, F, = Tangential force 
= Cutting Speed 

Discharge Power, Pd = VI (4.2) 

Let, machining is continued for a period of t and let t be duty cycle. 

Hence, pulse will be ON for time = tr 
=> Energy supplied, during EDM, in time ‘t’. = (VI)(tx) 

Also, Grinding energy supplied in same time, = {F,V^)t 
=> Total Energy supplied during EDDG in time ‘t ', 
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E = Discharge Energy 4- Grinding Energy 
E=(F/)(fr)+(F7,> 

Let, amount of material removed during time ‘t ’ be ‘ fF’ 

w 

Specific Energy in EDDG = — 

w 

^ (yi)x+F,v, 

Wjt 



While calculating specific energy in EDM with rotating disc, energy spent in 
rotating the disc is not taken into account. This is because, there is no physical contact 
between wheel and the workpiece in EDM with rotating disc. No material is removed 
due to rotation of the wheel as in the grinding. It has been found that, during EDDG, 
although mechanical abrasion takes place, grinding energy is very small as compared 
to discharge energy (Table B.1-B.4). Hence, in case of EDM with rotating disc it 
would be much smaller and neglected. 

4.2 Experimental Results and Discussion 

Following sections provide results of experiments conducted for calculating 
specific energy in EDDG. Attempt is also made to compare it with that of EDM with 
rotating disc electrode. 

4.2.1 Specific EDDG Energy 

Specific energy is an important concept in the field of machining science. 
Results of experimentation are presented in Appendix B. Analysis of results is 
presented in the following sections. Analysis has been done in the context of specific 
energy, as well as cutting force variation with corresponding temperature of the 
workpiece. 
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Basically, the material removal process in grinding is no different from that 
occurring in other metal cutting processes [40]. Individual abrasive grains that are in 
contact with the work due to frictional resistance experience cutting force in grinding. 
This resistance to motion of grain can be attributed to: 

• The force required to shear the junction formed between work and grain, 
and 

• The force needed to displace the material ahead of the grain. 

These forces are influenced by the bulk physical properties of work material. 
The temperature of the workpiece plays a key role in defining the shear strength of the 
junction. It is because of the formation of adhesion junctions between the work and 
the grain at the point of contact, such phenomenon occurs due to cold-welding process 
[41]. 

In case of EDDG, following factors should be considered for analyzing the 
cutting force behavior. 

1. Assistance of electrical discharges to the material removal process. A part 
of the material is removed by the electrical discharge before the abrasive 
grains cut the material. 

2. The self-sharpening process of the grinding wheel is activated by the 
electrical discharges. In the absence of electrical discharges, it was 
observed that the metal bond of the grinding wheel hides most of the 
diamond grains. When discharges are applied, the diamond grains are not 
hidden by the bond metal [25]. 

3. Introduction of discharge in the working zone causes thermal softening of 
the work material. 
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4.2.1. 1 Effect of pulse current 



Fig. 4.1 Effect of pulse current on cutting force and temperature 
(Wheel speed = 2.5 m/s', pulse on-time = 100 ps; duty factor = 0.64;voltage = 40 F) 

Increase in pulse current leads to decrease in cutting force (Fig. 4.1). This is 
clear from the above-discussed factors (Section 4.2.1). Increase in current implies 
increase in input heat energy and subsequent fall out is thermal softening of the work 
material. So, forces required to remove material will be lesser as current increases. 



Fig. 4.2 Effect of pulse current on specific EDDG energy 
(Wheel speed = 2.5 m/s; pulse on-time = 100 us; duty factor = 0.64; voltage = 40 F) 
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Specific EDDG energy versus current plot (Fig. 4.2) shows that as current 
increases, specific EDDG energy also increases, for currents 3A onwards. Highest 
specific energy at 1 ..4 is mainly due to the lowest MRR at such low current (Table 
B.l). Material removal is predominantly by grinding. Up to 3 A current, specific 
EDDG energy decreases due to increase in MRR with increase in current. Although, 
reduction in cutting force causes lesser amount of grinding energy, it is evident from 
the Tables B.1-B.4 that the discharge energy is dominating factor in defining specific 
EDDG energy. Increase in current leads to increased discharge energy input. But, 
very less part of discharge energy is actually utilized in material removal. Most of its 
part gets wasted in other phenomena like radiation loss, heating of workpiece and 
wheel, dielectric ionization and vaporization, etc. So, as current increases such losses 
also increase. Ultimately, it increases specific EDDG energy. 

4.2.1.2 Effect of wheel speed 

It has been analyzed in Section 3.2.2 that the increase in wheel speed causes 
decrease in temperature. This reduction in temperature is the cause of lesser thermal 
softening of work material. It means that the increase in wheel speed should increase 
cutting force (Fig. 4.3). Also, cutting force in grinding varies directly with wheel 
speed. Such trend is evident from the plot shown in Fig. 4.3. 



Fig. 4.3 Effect of wheel speed on cutting force and temperature 
IPulse current = 1 Ax pulse on-time = 100 usx duty factor = 0.64; voltage = 4010 
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Grinding energy increases with wheel speed, (Eq. 4,1). But, as discussed 
earlier, increase in grinding energy is not much significant as compared to discharge 
energy. It should be noted here that MRR significantly increases (Table B.2) with 
increase in wheel speed. Since MRR is important factor in characterizing specific 
EDDG energy, specific EDDG lowers with increase in wheel speed. 



Fig. 4.4 Effect of wheel speed on specific EDDG energy 
(Pulse current = 1 A% pulse on-time = 100 ps; duty factor = 0.64; voltage = 40 V) 


4.2.1.3 Effect of pulse on-time 

Increase in pulse on-time indicates that the discharge will be on for more time 
span. It would give more time to heat source (i.e. discharge) to be in the working 
zone. From above graph (Fig. 4.5), it is clear that on-time increase leads to increase in 
temperature and obviously decrease in cutting force. Also, pulse on-time has a 
effective role in resharpening of diamond grains. But, abnormal behavior is observed 
at pulse on-time equal to 200 ps. (Fig. 3.10-3.12, and Fig. 4.5). Such trend can be 
attributed to the complex phenomena associated with pulse on-time, as discussed in 
detail in Section 3.2.3. 

Increase in pulse on-time, actually has no influence on increase in discharge 
energy (Eq. 4.3). But, it improves MRR. Although, as discussed in Section 3.2.3, 
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effect of pulse on-time on MRR is of complex nature. The change in specific energy 
with a change in pulse on-time is presented in Fig. 4.6. 
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Fig. 4.5 Effect of pulse on-time on cutting force and temperature 
fPuIse current = 7 /i: wheel sneed = 2.S m/v: dutv factor = 0.64: voltage = 40 Fi 



Fig. 4.6 Effect of pulse on-time on sp. EDDG energy 
tPuIse current = 7 /I: wheel sneed = 2.5 wi/v: dutv factor = 0.64: voltage = 40 Fi 


4.2.1. 4 Effect of duty factor 

Duty factor defines the proportion of the on-time and the off-time for total 
pulse time. Increase in duty factor, for a fixed on-time, means lowering the off-time. 
Off-time is vital in the material removal mechanism since material gets melted during 
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on-time of the pulse and gets ejected out during off-time (section 3.2). Smaller duty 
factor, at a particular on-time, means longer off-time. It effects in less amount of 
energy supplied for entire machining time. From this, increase in duty factor (i.e. 
increase in discharge energy) should lead to increase in temperature. Above graph 
(Fig. 4.7) confirms this fact. But, it will be interesting here to note that cutting force 
increases as duty factor increases. It means that the thermal softening due to discharge 
action is not only cause of decrease in cutting force, but also there are other factors 
influencing cutting force. As mentioned earlier, increase in duty factor means shorter 
off periods. This must hamper proper ejection of molten material, forming resolidified 
layer. This layer is known for its high hardness. When diamond grain removes harder 
layer, it is obvious that more force is required. Hence, the trend of cutting force can be 
explained. But, this explanation also suggests that MRR should decrease with increase 
in duty factor due to resolidification (it is not always possible for each grain to 
remove this layer, wherever it does so, it does with high forces). From Table B.4, one 
can see a decrease in MRR with increase in duty factor. Thus, explanation is justified. 




Fig. 4.7 Effect of duty factor on cutting force and temperature 
tCurrent = 5 A: wheel sneed = 5 m/s: nulse on-time = 100 us: voltage = 40V] 


As far as specific EDDG energy is concerned, it is evident that increase in 
duty factor means increase in discharge energy. But, as discussed above, MRR 
decreases with increase in duty factor. Cutting forces are found to increase with 
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increase in duty factor. So, total energy input increases but MRR decreases. So, 
specific EDDG energy is found to be increased with increase in duty factor. This is 
depicted in the following graph (Fig. 4.8). 



Fig. 4.8 Effect of duty factor on specific EDDG energy 
^Current = 5 /t: wheel sneed = 5 m/v: nulse on-time = 100 uv: voltaoe = 40 FI 

4.2.2 Specific energy in EDM with rotating disc 

As discussed in section 4.1, energy spent in rotating the disc is neglected, 
specific energy in EDM with rotating disc can be obtained from equation 4.3. 


Specific Energy in EDDG - 


MER 


(4.4) 


4.2.2.1 Comparison of EDDG with EDM with rotating disc 

EDM with rotating disc is a process near to EDDG. So, comparison between 
these two processes in the context of specific energy will be valuable while discussing 
feasibility of the EDDG. 

Specific energy plot clearly shows wide gap between specific energy in 
EDDG and that of EDM with rotating disc. Also, specific energy in EDDG is found to 
be less. This suggests that EDDG is more efficient than EDM process in the context 
of specific energy. But, as pulse current increases, the specific energy values of two 
processes approach nearer to each other (Fig. 4.9). Effect of assistance of grinding 
goes on reducing as current increases. This is due to the fact that current increase 
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leads hybrid EDDG process towards EDM dominant mode. Effect of pulse on-time is 
also shown in graph below, (Fig. 4.10). 



Fig. 4.9 Specific energy in EDDG and EDM with rotating disc 
(Disc speed = 2.5 m/s; pulse on-time = 100 us: duty factor = 0.64; voltage = 40 H 



Fig. 4.10 Specific energy in EDDG and EDM with rotating disc 
(Pulse current = 7 A; disc speed = 2.5 m/s; duty factor = 0.64; voltage = 40 F) 

Results of temperature in EDM with rotating disc and EDDG are compared 
below for the pulse current in the range 3 to 7A. Besides electric discharge heat 
source, in EDDG, abrasive action is another heat source present. So, workpiece 
temperature was expected to be more in case of EDDG as compared with EDM to 
rotating disc 
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temperature was expected to be more in case of EDDG as compared with EDM to 
rotating disc 



Pulse Current (A) 

Fig. 4.11 Comparison of EDDG temperature with EDM with rotating disc 
(Voltage = 40 V, pulse on-time = 100 duty factor == 0.64 and wheel speed = 2.5 m/s) 


Sr. 

No. 

Process 

Workpiece 

Material 

Specific Energy 
(J/mm^) 

1 

Conventional Grinding 

- 

5-60 142] 

2 

AFM 


10-110142] 

3 

LBM 

Mild steel 

8-45 143] 

4 

ECSM 

i - 

1900-4547 120] 

5 

IICG 

l ool steel 

j 

85-250 [6] 

6 

EDM with rotating disc 

HSS 

4000-7000 

7 

EDDG 

HSS 

500-3000 


Table 4.1 Specific energy in various processes 


It is obvious from the above that EDM is very inefficient process as compared 
to conventional grinding, AFM and EDDG. It also underlines feasibility of EDDG to 
ItDM with rotating disc. 
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Chapter 5 

Conclusions and Scope for Future Work 


5.1 Conclusions 

Attempt has been made in the present work to investigate electrodischarge 
diamond grinding process experimentally. Experiments were conducted in two stages. 
Firstly, using a full factorial design, parametric analysis of process parameters 
(current, pulse on-time and wheel speed), with reference to the temperature of the 
workpiece and material removal rate, has been done. In the second stage, octagonal 
ring type dynamometer was employed for measurement of cutting forces. Analysis 
was done for evolution of cutting forces with process parameters (current, pulse on- 
time, duty factor, and wheel speed) and correlated with temperature. Also, specific 
energy in the EDDG process was evaluated and analyzed with the above mentioned 
process parameters. Some experiments were conducted with specially fabricated disc 
so as to get information about temperature and specific energy in EDM with rotating 
disc. A brief comparison was also made with EDDG. 

Following are the specific conclusions drawn from the present thesis work. 

Parametric analysis of EDDG 

Effect of pulse current, pulse on-time and wheel speed was analyzed using 3^ 
factorial design with temperature and MRR as responses. 

A second order regression model was found to represent relationship between 
input parameters and responses (temperature and MRR) significantly. 

Temperature and MRR were found to be increasing with increase in pulse 
current. Current is the most significant factor in affecting responses. 

MRR increases with increase in wheel speed. But, temperature was found to 
be decreasing with wheel speed increase. No arc instability was observed in 
the range of wheel speed chosen (2.5 -7.5 m/s). 

Pulse on-time increase causes increase in both MRR and temperature. But, at 
200 ps abnormal behavior was observed. 
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Wheel speed and pulse on-time shows “anti-synergetic interaction’’ . Also, 
pulse current and pulse current follows “synergetic interaction ” pattern. 

It can be concluded that, to achieve high MRR and low temperature rise in the 
workpiece, current and pulse on-time should be chosen from modearate values and 
wheel speed from higher values. 

^ Specific energy in EDDG 

Cutting force decreases with increase in pulse current and pulse on-time. But, 
it increases with increase in wheel speed and duty factor. 

Thermal softening, grain re-sharpening, and material removal by electrical 
discharge action are the factors contributing to decrease in cutting forces. 

Increase in current, pulse on-time and duty factor lead to increase in specific 
EDDG energy. But, increase in wheel speed causes decrease in specific 
EDDG energy. 

Specific energy of EDDG was found to be less than that of EDM with rotating 
disc. It indicates that the combination of EDM and conventional grinding 
improves EDM process performance from the specific energy point of view. 

5.2 Scope for Future Work 

EDDG has found enormous applications in shaping of advanced engineering 
materials. Complex phenomena associated with EDDG and being hybrid in nature, 
there is wide scope for research in this process. Present thesis work is one step 
towards the understanding of the process. Still, following investigations can be carried 
out further. 

Present study comprised of parametric analysis using three factors (current, 
pulse on-time and wheel speed) at a time. Use of orthogonal arrays can be made to 
analyze all the factors at a time provided careful selection of interactions among 
the factors has to be carried out. 

Hitherto experimentation was done with diamond as abrasive and bronze as a 
bonding material. Process performance can be studied using different types of 
abrasives (SiC) and bonding material (Cu). 


I.I.T. Kanpur 




Chapter 5 Conclusions and Scope for Future Work 


58 


Thermal stresses are results of thermal phenomena of EDDG process. 
Measuring stresses with advanced techniques like X-ray diffractometer can be 
useful for experimental analysis of thermal stresses. 

Study of wheel topography is vital for technological advancement of the 
process. Discharge energy plays a key role in this consideration. A separate study 
comprising of grit protmsion and bond strength with discharge energy is needed. 
Also, wheel wear analysis with process parameters can be experimented. 

Process optimization can be tried with the use of response surface designs. 
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Appendix A 

Calibration Curves 


Fig. A.l Calibration Curve for Temperature 



Fig. A.2 Calibration Curve for Cutting Force 
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Fig. A.3 Calibration Curve for Normal Force 
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Appendix B 
Experimental Results 


Specific Energy in EDDG 

To study the effect of pulse current on cutting forces, temperature and specific 
grinding energy, other parameters i.e. voltage, pulse on-time, duty cycle and wheel 
speed are kept at constant values. Current was varied and responses (MRR, cutting 
force, and temperature) were measured. All obtained data is tabulated below. 


I 

(A) 

MRR 

(g/min) 

MRR 

(mmVs) 

Ft 

(N) 

Pd 

(W) 

Pg 

(W) 

Total 

Power 

(W) 

pH 

Temp. 

(K) 

1 

0.0026 

Mttiil'kfM 


25.6 


30.59 

5.54 


3 



0.83 

76.8 

2.08 

78.88 

1.86 

■aiaiM 



IBfigEai 

0.73 

128.0 

1.83 


2.78 

tHiW 

mm 



0.67 

179.2 

1.66 

180.86 

3.29 

330.5 


Table B.l Specifiic energy in EDDG with varying current 
(Voltage = 40 V, wheel speed = 2.5 m/s, pulse on-time = 100 /js and duty factor =0.64) 


Effect of grinding parameter i.e. cutting speed is also studied. Experiments 
were performed for varying speed at the same time other factors keeping at fixed 
values. Details of experimentation are presented in table below. 


Vs 

(m/s) 

MRR 

(g/min) 

MRR 

(mm^/s) 

F, 

(N) 

Pd 

(W) 

Pg 

(W) 

Total 

Power 

m 

Sp. EDDG 
Energy 
(KJ/mm^) 

Temp. 

(K) 

1.0 


0.0081 

0.50 

128 



15.93 

347.5 

2.5 


Mingisgi 


mm 

1.83 

WT'm'w 

2.78 


5.0 

0.0433 


liBBI 

128 



1.44 


7.5 

0.1061 


1.16 

128 

8.73 

136.73 

0.61 

304.0 


Table B.2 Specific energy in EDDG with varying wheel speed 
(Voltage = 40 F, pulse current = 5 A, pulse on-time = 100 jjs and duty factor = 0.64) 

Evolution of specific EDDG energy, cutting forces, and temperature with 
reference to variation in pulse on-time and duty factor are presented in Table B.3 and 
Table B.4, respectively. 
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T„„ 

(tis) 

MRR 

(g/min) 

MRR 

(mm^/s) 

F, 

(N) 

Pd 

(W) 

Pg 

(W) 

Total 

Power 

(W) 

Sp. EDDG 
Energy 
(KJ/mm^) 

Temp. 

(K) 

■BbI 

0.0259 


0.67 

179.2 

1.68 


3.29 

■EggMi 

m 



0.33 

179.2 





ESI 




179.2 


179.82 

3.64 

328.0 

KiBl 

0.0498 

0.1057 

0.17 

179.2 

0.42 

179.62 

1.70 

333.0 


Table B.3 Specific energy in EDDG with varying pulse on-time 
(Voltage = 40 V, pulse current = 1 A, duty factor = 0.64 and wheel speed = 5 m/s) 


T 

MRR 

(g/min) 

MRR 

(mmVs) 

Ft 

(N) 

Pd 

(W) 

Pg 

(W) 

Total 

Power 

(W) 

Sp. EDDG 
Energy 
(KJ/mm") 

Temp. 

(K) 

0.32 

0.075 


0.50 

64 

12.47 


HKE9HI 

msm 





96 

BESl 


HBEQHl 

308.0 

0.64 




128 



1.44 


0.80 

0.0292 

0.0620 

1.16 


MIESU 


2.63 

310.5 


Table B.4 Specific energy in EDDG with varying duty factor 
(Voltage = 40 V, pulse current = 5/1, pulse on-time = 100 /is and wheel speed = 5 m/s) 


Specific Energy in EDG with Rotating Disc Electrode 

EDM with rotating disc is near to EDDG only difference being absence of 
abrasive action in later case. Comparison of EDDG with EDM with rotating disc, in 
the context of responses analyzed so far, can provide substantial information about 
betterment of EDDG. 

For this purpose, to make comparison more realistic, a disc was fabricated as 
discussed in section 2.6. Experiments were conducted with same grinding attachment 
on EDM machine. Also, other settings like servo sensitivity and arc sensitivity were 
kept at same value as used for EDDG experimentation. 

Experiments were conducted by varying current and varying pulse on-time by 
keeping other parameters at constant values. 


I 

(A) 

MRR 

(g/min) 

MRR 

(mmVs) 

Total 

Power 

fW) 

Sp. EDM 
Energy 
(KJ/mm^) 


3 



78.88 

6.313 


5 



129.83 

6.029 


7 

0.01780 

0.0378 

180.86 

4.742 

320.50 
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Table B.5 Specific energy in EDM with rotating disc and varying current 
(V oltage = 40 V, duty factor =0. 64, pulse on-time = 100 ps and wheel speed = 5 m/s) 


T„„ 

(ms) 

MRR 

(g/min) 

MRR 

(mm^/s) 

Total 

Power 

(W) 

Sp. EDM 
Energy 
(KJ/mm^) 

Temp. 

(K) 

100 


0.0378 

179.2 

4.742 


200 


0.0318 


5.627 


300 


Km 

179.2 

4.851 


500 



179.2 


333.0 


Table B.6 Specific energy in EDM with rotating disc and varying pulse on-time 
(Voltage = 40 V, duty factor = 0.64, current = 7 A and wheel speed = 5 m/s) 
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Appendix C 

Acronyms used in table 1.2 and 1.3 


AM; Abrasive Machining 

CHM/ CHP: Chemical Machining/ Chemical Polishing 
EALBM: Etching Assisted Laser Beam Machining 
EBM: Electron Beam Machining 

ECAG/ECAH: Electro-Chemical Abrasive Grinding/ Electro-Chemical Abrasive 
Honing 

ECDM/ECSM: Electro-chemical Discharge /Spark Machining 

ECM: Electro- Chemical Machining 

ED AG: Electro- Discharge Abrasive Grinding 

EDM: Electrical Discharge Machining 

EEM: Elastic Emission Machining 

FFM: Fluid Flow Machining 

LAE: Laser Assisted Etching 

LAECM: Laser Assisted Electro- chemical Machining 

LAT: Laser Assisted Turning 

LBM; Laser Beam Machining 

PAT: Plasma Assisted Turning 

PBM: Plasma Beam Machining 

UAECM: Ultrasonic Assisted Electro- chemical Machining 

UAEDM; Ultrasonic Assisted Electrical Discharge Machining 

UAG; Ultrasonic Assisted Grinding 

UALBM: Ultrasonic Assisted Laser Beam Machining 

UAP: Ultrasonic Assisted Polishing 

UAT: Ultrasonic Assisted Turning 
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